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1106, 13385, Marseille, France
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Abstract: At a similar stage, patients with early onset Alzheimer’s disease (EOAD) have greater neocorti-
cal but less medial temporal lobe dysfunction and atrophy than the late-onset form of the disease (LOAD).
Whether the organization of neural networks also differs has never been investigated. This study aims at
characterizing basal functional connectivity (FC) patterns of EOAD and LOAD in two groups of 14
patients matched for disease duration and severity, relative to age-matched controls. All subjects under-
went an extensive neuropsychological assessment. Magnetic resonance imaging was used to quantify atro-
phy and resting-state FC focusing on : the default mode network (DMN), found impaired in earlier
studies on AD, and the anterior temporal network (ATN) and dorso-lateral prefrontal network (DLPFN),
respectively involved in declarative memory and executive functions. Patterns of atrophy and cognitive
impairment in EOAD and LOAD were in accordance with previous reports. FC within the DMN was simi-
larly decreased in both EOAD and LOAD relative to controls. However, a double-dissociated pattern of
FC changes in ATN and DLPFN was found. EOAD exhibited decreased FC in the DLPFN and increased
FC in the ATN relative to controls, while the reverse pattern was found in LOAD. In addition, ATN and
DLPFN connectivity correlated respectively with memory and executive performances, suggesting that
increased FC is here likely to reflect compensatory mechanisms. Thus, large-scale neural network changes
in EOAD and LOAD endorse both common features and differences, probably related to a distinct distri-
bution of pathological changes. Hum Brain Mapp 35:2978–2994, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The concept of early onset Alzheimer’s disease (EOAD)
usually refers to the form of AD in which the first symp-
toms appear before 65 years of age. EOAD has long been
opposed to the late-onset form of the disease (LOAD), or
senile dementia, until they were united under the same
eponym [McKhann et al., 1984] based on the fact that they
share the defining neuropathological hallmarks. Although
these two forms since refer to a single disease, many stud-
ies report clinical and neuroimaging differences. In partic-
ular, there is evidence that pathology does not strictly
follow the stereotypical Braak staging scheme in younger
patients [Braak and Braak, 1991]. On a clinical level,
EOAD patients have been found with preferentially non-
memory deficits in the early stages, involving language,
visual or executive skills, while LOAD patients display
greater memory dysfunction before other cognitive
domains become impaired [Binetti et al., 1993; Jacobs
et al., 1994; Imamura et al., 1998; Kalpouzos et al., 2005;
Smits et al., 2012]. Also, neuroimaging studies report
greater structural damage as well as metabolic and perfu-
sion deficits in neocortical regions in EOAD, while gray
matter loss and metabolic change predominates in medial
temporal structures in LOAD [Kemp et al., 2003; Frisoni
et al., 2005; Kalpouzos et al., 2005; Kim et al., 2005; Frisoni
et al., 2007; Canu et al., 2012; Ossenkoppele et al., 2012].
Taken together, these findings suggest that the topo-
graphic distributions of pathological changes differ in
EOAD and LOAD. Thus, the organization of neural net-
works should also differ, but this aspect has not been for-
mally investigated yet.

Over the past decade, a large number of studies have
attempted to characterize neural networks using functional
activation paradigms and, more recently, basal functional
connectivity during resting state. This approach allows
delineating several well-recognized and reproducible
resting-state networks thought to reflect anatomo-
functional systems [Greicius et al., 2003; Varoquaux et al.,
2010]. In addition, recent studies support the proposal that
neurodegenerative diseases are not diffuse but target selec-
tive vulnerable neural networks [Didic et al., 1999; Seeley
et al., 2009; Pievani et al., 2011; Greicius and Kimmel,
2012]. In AD, several groups have reported changes in the
pattern of connectivity concerning the default mode net-
work, particularly in its posterior part, and the intercon-
nected medial temporal structures [Li et al., 2002; Greicius
et al., 2004; Rombouts et al., 2005; Wang et al., 2006; Allen
et al., 2007; He et al., 2007; Bai et al., 2009; Agosta et al.,
2012; Brier et al., 2012; Morbelli et al., 2012]. There is
recent evidence that other cognitive networks, such as the
antero-medial temporal and executive control networks
are impaired in the early stages of AD [Gour et al., 2011;
Agosta et al., 2012; Brier et al., 2012].

The present study aims at characterizing neuropsycho-
logical features, structural changes and basal functional
connectivity (FC) patterns in EOAD and LOAD patients

relative to matched control subjects. We focused on three
networks, in which connectivity has been found altered in
AD in earlier studies (i) the default mode network (DMN)
[Greicius et al., 2004]; (ii) the antero-medial temporal net-
work (ATN) [Kahn et al., 2008; Libby et al., 2012], involved
in some aspects of declarative memory [Gour et al., 2011];
(iii) and the dorso-lateral prefrontal network (DLPFN) also
named executive-control network [Seeley et al., 2007, 2009;
Agosta et al., 2012; Brier et al., 2012]. Relationships
between FC of these networks and neuropsychological
performance were also investigated.

MATERIAL AND METHODS

Subjects

Patients were recruited at the memory clinic of the
department of Neurology and Neuropsychology, Timone
Hospital, Marseille. As part of the routine assessment, all
patients underwent a neurological examination, a neuro-
psychological evaluation, a brain MRI and usual labora-
tory workup to rule out nondegenerative causes of
cognitive impairment. The diagnosis of probable AD was
consensually established by trained neurologists and neu-
ropsychologists according to past and recent recommenda-
tions [McKhann et al., 1984, 2011]. Age at onset was
estimated during a structured interview of the patient and
caregiver. To obtain a relevant comparison between early
and late-onset forms of the disease, only patients with a
typical (amnestic) presentation at onset were selected. In
addition, given the possibility of misdiagnosis in early and
late-onset dementia [Barkhof et al., 2007; Dawe et al., 2011;
Middleton et al., 2011; Snowden et al., 2011], only patients
with probable AD with a high level of evidence for a path-
ophysiological process related to AD were included, that
is, clinical criteria for probable AD and biomarkers dem-
onstrating evidence of both amylo€ıdopathy and neuronal
injury [McKhann et al., 2011]. Cerebro Spinal Fluid (CSF)
analysis was thus performed in all patients prior to inclu-
sion. CSF was subjected to the usual workup (cell counts,
total protein levels, CSF/serum albumin ratio and oligoclo-
nal bands). Total Tau, P-Tau 181 and Ab42 peptide levels
were determined using ELISA, the Innotest-hTau-Ag-kit,
the Innotest Phospho-Tau (181P) kit and the Innotest Ab42
kit respectively (Innogenetics, Ghent, Belgium).

Clinical inclusion criteria were probable “amnestic” AD
with high level of evidence of AD pathophysiological pro-
cess, defined here by Innotest Amyloid Tau Index
(IATI)< 0.8 and P-Tau> 60 (an optimal combination of
CSF biomarkers that predicts AD with a specificity of 95%
and a sensitivity of 85%) [Vanderstichele et al., 2006]; pres-
ence of a reliable informant; mild severity of dementia
(Clinical Dementia Rating Scale (CDR) of 1) [Morris, 1993];
onset of symptoms ranging from 1 to 5 years prior to
inclusion; no personal history of neurological or psychiat-
ric disorder; no family history of AD that could suggest an
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autosomal dominant inheritance; no abnormal feature on
brain MRI including stroke, more than one ischemic
lacuna, and white matter changes on FLAIR, above grade
2 at the Fazekas scale [Fazekas et al., 1987].

The cut-off of 65 years of age at onset used to classify
the two subgroups of AD patients was chosen according
to previous reports, primarily established on clinical
grounds [Amaducci et al., 1986], and then used in most
studies comparing features of early onset versus late-onset
AD patients [Kemp et al., 2003; Kim et al., 2005; Shiino
et al., 2006; Frisoni et al., 2007; Rabinovici et al., 2010;
Canu et al., 2012; Sa et al., 2012; Smits et al., 2012; Cho
et al., 2013]. This cut-off is also used in the DSM-IV TR
nomenclature to specify subtypes [American Psychiatric
Association, 2000].

Indeed, fourteen consecutively recruited EOAD and
fourteen LOAD patients were included (CDR 5 1; MMSE
EOAD 5 19 6 4.2; MMSE LOAD 5 21 6 3) (EOAD age
range of onset: 50–64; mean: 60.3 6 5.6; LOAD age range
of onset: 67–76; mean: 75.1 6 3) (Table I). Two groups of
fourteen healthy subjects were matched for age with the
two patients groups. Controls had no history of neurologi-
cal or psychiatric disorder, no cognitive complaint, normal
performance on neuropsychological assessment and no
abnormal feature on structural brain MRI and 18-FDG-PET
imaging (CDR 5 0; MMSE young controls 5 29 6 0.9;
MMSE old controls 5 29 6 0.5) (Table I). All subjects pro-
vided informed consent to participate in the study, which
was approved by the local Ethical Committee. Patients
and healthy controls underwent a full neurological exami-
nation, a standardized neuropsychological evaluation and
brain MRI which included resting state fMRI. Apo E geno-

type was obtained in all subjects using Hha 1 digestion
and electrophoresis analysis.

Neuropsychological Assessment

All subjects underwent a comprehensive cognitive
assessment. Anterograde memory was assessed using two
tasks: (i) the RL/RI 16, a French version of the Free and
Cued Selective Reminding test (FCSR) [Grober et al., 1988;
Van Der Linden et al., 2004], which evaluates verbal mem-
ory based on the learning of a list of sixteen unrelated
words; (ii) the Delayed Matching to Sample-48 items-test
(DMS48), assessing visual recognition memory [Barbeau
et al., 2004]. Retrograde semantic memory was assessed
using the TOP 10 [Thomas-Ant�erion and Puel, 2006]. This
standardized test evaluates biographical knowledge of 10
celebrities who have been famous between 1950 and the
early 2000s.

Executive skills were assessed using four tasks: the digit
forward and backward span (Wechsler Adult Intelligence
Scale) [Wechsler, 2000], the forward and backward visuo-
spatial span (MEM III) [Wechsler, 2001], the category and
phonemic verbal fluency tasks [Cardebat, 1990] and the
modified Wisconsin Card Sorting Test (WCST) [Nelson,
1976].

Visuo-perceptual skills were evaluated with the Benton
Facial Recognition Test [Benton, 1994], and visuo-spatial
skills with the Benton Judgment of Lines Orientation Test
[Benton, 1983] and the copy of the Rey figure [Rey, 1941,
1960]. Naming was assessed using a French standardized
picture naming task, the DO 80 [Deloche, 1997].

TABLE I. Demographic and neurological data

EOAD
patients

Young
controls

EOAD vs.
controls
(P value)

LOAD
patients

Old
controls

LOAD vs.
controls
(P value)

EOAD vs.
LOAD
(P value)

N 14 14 14 14
Age 60.3 (5.6) 59.4 (6.4) 0.7 75.1 (2.9) 72.8 (3) 0.085 0.57
Education, years 10.6 (3.7) 13.3 (3.4) 0.03 10.6 (4.3) 11.1 (3) 0.72 0.23
Gender, females/males 5/9 9/5 0.257 8/6 10/4 0.69 0.45
Handeness 14/0 14/0 14/0 12/2

Right/left
CDR 1 0 1 0
MMSE 18.9 (4.2) 29.3 (0.9) 0.0001 21.5 (3.2) 29.4 (0.5) 0.0001 0.1
Disease duration, years 2.93 (1.2) 2.79 (1.05)
APOE 0.24

E4 homozygote N 5 2 None None None
E4 heterozygote N 5 8 None N 5 7 N 5 1

IATI 0.54 (0.44) 0.41 (0.21) 0.41
Phospho-Tau 181 114.07 (32.2) 99.54 (41.03) 0.23
Amyloid 416.4 (83) 342 (128.9) 0.18

Values denote mean (standard deviation) or number. Group effects were analyzed using t-test for continuous variables and v2 test for
dichotomous variables, p value denotes statistical significance. EOAD: Early Onset Alzheimer’s Disease; LOAD: Late-Onset Alzheimer’s
Disease; CDR: Clinical Dementia Rating; MMSE: Mini-Mental State Examination; IATI: Innotest Amyloid Tau Index derived from CSF
analysis
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Concerning the assessment of memory, the following
variables were retained for statistical analysis: total recall
(free and cued) and recognition scores on the RL/RI 16,
performance on delayed recognition on the DMS48, and
the TOP 10 (total score). Concerning executive functions,
language, visuo-perceptual and visuo-spatial skills, total
raw scores were considered for analysis. Group compari-
sons were performed using ANOVA with two factors
(JMP software): group (AD versus controls) and age (<65
years versus> 65 years).

MRI Procedures

Data acquisition

Imaging was performed on a 3T Magnetom Verio MR
Scanner (Siemens, Erlangen, Germany) equipped with a 12
channel head coil. Foam padding and headphones were
used to limit head motion and reduce scanner noise. Con-
ventional MRI included 3D MPRAGE T1-weighted images
(TE/TR 2.99 ms/2,300 ms, 144 contiguous slices, 1.3 mm
slice thickness, field of view (FOV) 250 mm, matrix 256)
acquired in the sagittal plane. Resting-state fMRI acquisition
was composed of 250 brain volumes using single-shot GE-
EPI sequence (TE/TR 28 ms/3,600 ms; 50 contiguous slices,
2.5-mm thickness, matrix 122, FOV 250 mm) acquired dur-
ing rest when subjects were instructed to keep their eyes
closed and to stay awake with no precise thinking.

Data processing

Structural imaging. To obtain gray matter (GM) tissue
probability maps and compare atrophy between the differ-
ent groups of subjects, 3D T1-weighted magnetic resonance
images were postprocessed using the VBM 8 toolbox imple-
mented of SPM8 software (Welcome Trust Centre for Neu-
roimaging, London, UK). Briefly, MRI data were spatially
normalized (MNI space), segmented to isolate the GM par-
tition, and modulated. The resulting images, expressed as
GM volume corrected for brain size, were masked (75%) to
remove remaining non-GM voxels and smoothed (FWHM 6
mm). To characterize atrophy patterns, a four-group
ANOVA was performed in SPM8 (LOAD, EOAD, young
controls, old controls). We first compared the two groups of
patients with their age-matched controls, and then per-
formed direct comparisons between EOAD and LOAD
using an exclusive mask of regions found to differ between
young and old controls. We also carried out direct GM vol-
ume comparison of EOAD versus LOAD using the age cor-
rection method of Dukart et al. [2011] (results provided in
Supporting Information Fig. S2).

Functional imaging. Preprocessing. Preprocessing of
resting-state fMRI data was conducted using a set of steps
common to conventional fMRI studies. Images were cor-
rected for acquisition delays (slice timing), realigned
before spatial normalization (nonlinear registration) and

smoothed (FWHM 4 mm). This was followed by a series
of preprocessing steps specific to analysis functional corre-
lations [Fox et al., 2005] which were performed using the
RESTing-state fMRI data analysis toolkit (REST, by Song
Xiaowei, http://resting-fmri.sourceforge.net) of SPM8.
Data were detrended and temporally filtered to extract fre-
quencies inferior to <0.08 Hz. Sources of spurious or
regionally nonspecific variance related to physiological
artifacts (CSF pulsations, head motions, etc.) were
removed by regressing signals extracted from one region
of the lateral ventricles (CSF), one region from the deep
cerebral white matter and the parameters obtained by
rigid body head motion correction. Comparisons of the six
realignment parameters of movement between each group
of subjects were performed using t-test. No significant dif-
ference was observed.

Seed connectivity analysis. To quantify changes of resting-
state connectivity within the antero-medial temporal network
(ATN), the dorso-lateral prefrontal network (DLPFN) and
the default mode network (DMN), whole brain connectivity
maps derived from a priori seed regions were computed. A
total of five seeds (spheres with 5-mm radius) were chosen
based on MNI coordinates reported in previous studies: (i)
one seed in the posterior cingulate cortex (PCC) to study
connectivity of the DMN based on Hedden et al. [2009]
(MNI coordinates: X 5 0, Y 5 253, Z 5 26); (ii) two seeds in
the left and right perirhinal cortex to study connectivity of
the ATN based on Kahn et al. [2008] (MNI coordinates: left
seed: X 5 224, Y 5 210, Z 5 22; right seed: X 5 22, Y 5 210,
Z 5 222); iii) and two seeds in the left and right dorso-
lateral prefrontal cortex (DLPFC) to study connectivity of the
DLPFN based on Seeley et al. [2007] (MNI coordinates: left
seed: X 5 244, Y 5 36, Z 5 20; right seed: X 5 44, Y 5 36;
Z 5 20).

Correlation maps for each seed were computed by cor-
relating regional time courses (averaged over all voxels
within the seed region) with every voxel in the brain. Cor-
relation maps were, then, converted to z maps using Fish-
er’s transformation.

To characterize FC patterns, z individual maps were
entered in a four-group ANOVA in SPM8 (LOAD, EOAD,
young controls, old controls). To limit the impact of global
GM atrophy and CSF partial volume effect on signal time
courses, the proportion of GM volume was entered as a
confounding covariate and one explicit GM mask (thresh-
old 75%) was used for connectivity analyses.

Relationships between connectivity maps and neuropsychological
data. Regression analyses in SPM8 were performed to
study correlations between each connectivity map and
neuropsychological performance in patients. To control for
differences of GM volume between subjects, the propor-
tion of GM volume was entered as a confounding covari-
ate in analyses. Only performance on tasks that showed
differences between two patients groups were entered into
this analysis.
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RESULTS

Demographic and Neuropsychological Data

Demographic data (Table I)

EOAD and LOAD patients did not differ from their
respective control groups for age (respectively, P 5 0.708
and P 5 0.084, Student t-test) and sex (respectively,
P 5 0.131 and P 5 0.225, v2 test). There was no difference
between LOAD patients and age-matched controls con-
cerning level of education (P> 0.1, Student t-test), but
EOAD had received slightly less education compared with
their controls (2.7 years lower on average) (P 5 0.03, Stu-
dent t-test). As the possibility that sex, handedness, educa-
tion, APOE genotype and CSF biomarkers interact with FC
could not be excluded, these variables were compared
between EOAD and LOAD. There was no significant dif-
ference between the two subgroups, suggesting that
patient were correctly matched on these variables.

Neuropsychological data

Both EOAD and LOAD performed significantly below
age-matched controls on the MMSE and all neuropsycho-

logical variables except for the Benton Facial Recognition
Test (Table II). Only LOAD did not differ from age-
matched controls on the Benton Judgment of Lines Orien-
tation and the digit span.

Interactions between group (Controls vs. Patients) and
age (<65 years vs. >65 years) revealed that EOAD per-
formed worse than LOAD patients at visuo-spatial and
executive tasks, while performance was poorer on memory
variables in LOAD patients. Interactions were observed
for:

� performance on tasks assessing executive functions: at
the spatial span (F 5 9.5; P 5 0.003), criteria on the
Wisconsin Card Sorting Test (F 5 6.5; P 5 0.014), total
errors (F 5 5; P 5 0.029) and perseverative errors
(F 5 8.6; P 5 0.005);
� visuo-spatial functions: on the Benton Judgment of

Lines Orientation Test (F 5 4.7; P 5 0.034) and the
copy of Rey’s complex figure (F 5 4.1; P 5 0.047);
� memory tasks, including the TOP 10 (F 5 7.5;

P 5 0.008) and the DMS 48 (F 5 3.1; P 5 0.08);

No significant interaction was observed for naming and
visuo-perceptual skills.

TABLE II. Neuropsychological data

EOAD
patients

Young
controls

EOAD vs.
Young
controls
(P value)

LOAD
patients

Old
controls

EOAD vs.
young
controls
(P value)

Interaction
(group
3 age)
(P value)

Memory tests DMS 48, delayed recall
(% correct)

84.4 (13) 96 (5) 0.004 71.7 (18.3) 94.1 (7) 0.0001 0.08

TOP 10, total score (60) 31.3 (7.9) 52.6 (4) 0.0001 17.8 (10.5) 50.8 (7.9) 0.0001 0.008
RL/RI 16 Total free

recall (48)
3.3 (3.8) 33.8 (3.63) 0.0001 3.45 (4.4) 32.1 (5.53) 0.0001 0.25

RL/RI 16 total recall (48) 12.2 (10.9) 45 (4.56) 0.0001 14.2 (10.6) 45.3 (3) 0.0001 0.75
RL/RI 16 recognition (48) 39.7 (5.2) 48 (0) 0.0001 38.2 (9.9) 48 (0) 0.001 0.61

Executive tests Digit span (30) 10.4 (2.7) 14 (2.4) 0.001 11.6 (3.9) 13 (2.1) 0.27 0.145
Spatial span (30) 7.8 (4) 16.2 (2.8) 0.0001 9.8 (3.4) 12.9 (2.2) 0.008 0.003
WCST, criteria 2.7 (1.2) 5.9 (0.2) 0.0001 3.5 (1.8) 4.6 (1.9) 0.16 0.01
WCST, total errors 19.4 (5.3) 4.7 (3.6) 0.0001 15.4 (6.7) 7.3 (5) 0.002 0.02
WCST, perseverative errors 10.6 (3.6) 1.4 (2.1) 0.0001 6.5 (3.9) 2.4 (2.5) 0.004 0.005

Language,
visuo-perceptual
and visuo-spatial
tests

Copy of Rey’s figure (36) 11.6 (13.7) 34.4 (1.2) 0.0001 20.9 (13.4) 33 (4.29) 0.003 0.047
Benton Facial Recognition

Test (27)
20.6 (3) 21.5 (1) 0.263 20.3 (1.3) 24.4 (1.9) 0.09 0.95

Benton Judgment of Lines
Orientation Test (30)

14.2 (8.1) 23 (3.6) 0.001 19.1 (5.2) 21.6 (3.6) 0.17 0.03

DO 80, naming test 71 (8.8) 80 (0) 0.001 65.3 (12.8) 79.8 (0.3) 0.0001 0.19
Category fluency (animals) 12.8 (6.3) 29.4 (7) 0.0001 13.6 (8.6) 30.4 (6.4) 0.0001 0.97
Alphabetic fluency (p) 13.8 (7.3) 21.6 (7.5) 0.009 14 (6.6) 18.5 (5.6) 0.06 0.36

Values denote mean (standard deviation). All performances correspond to raw scores. Numbers in brackets in the second column refer
to maximum scores. Tasks were administered in the whole group of patients and controls except WCST (three missing data in EOAD
and LOAD) and RL/RI 16 (three missing data in EOAD and two missing data in LOAD). Group effects were analyzed using two-
factors ANOVA with factor “group” (AD vs. controls) and factor “age” (<65 years vs.> 65 years). P denotes statistical significance.
EOAD: Early-Onset Alzheimer’s Disease; LOAD: Late-Onset Alzheimer’s Disease; DMS 48 5 Delayed Matching to Sample-48 items-test;
RL/RI 16 5 French version of the free and cued selective reminding test (FCSRT); WCST: Wisconsin Card Sorting Test.
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Atrophy

GM volumes analyses showed significant atrophy in
EOAD and LOAD relative to their matched control groups
(Fig. 1a,b). There was diffuse neocortical and subcortical
atrophy in EOAD, while GM atrophy was more restricted

to medial temporal areas, lateral temporal, insula, and
orbito-frontal structures in LOAD.

When comparing EOAD and LOAD, excluding region
masks showing significant differences between young and
old controls to avoid the sole effect of age, more pro-
nounced atrophy was found in the left precuneus and

Figure 1.

Gray matter atrophy in EOAD and LOAD patients relative to

age-matched controls (P< 0.001; k> 10; FDR corrected at the

cluster level, P< 0.05) (radiological convention: left is right). a: Gray

matter loss in EOAD relative to matched controls (young).

EOAD show neocortical and subcortical atrophy relative to con-

trols that includes temporal, frontal, parietal and occipital struc-

tures along with thalamus, caudate nucleus and cerebellum. b:

Gray matter loss in LOAD relative to matched controls (old).

LOAD show atrophy in medial temporal areas (parahippocampal

and hippocampal gyri and amygdala), lateral temporal structures,

insula and orbito-frontal cortices relative to controls.
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posterior cingulate in EOAD relative to LOAD patients
(Supporting Information Fig. S1a). By contrast, LOAD
showed greater atrophy than EOAD patients in the left hip-
pocampal and parahippocampal gyri as well as bilateral
orbito-frontal regions (Supporting Information Fig. S1b).

FC Analyses

Figure 2 illustrates the five studied networks obtained in
young healthy controls using seeds within the posterior
cingulate for DMN, the left and right perirhinal cortices
for the left and the right ATN, the left and right dorsolat-
eral prefrontal cortices for the left and the right DLPFN
respectively (see also Supporting Information data Table
SI).

FC of the default mode network (DMN) derived from
the posterior cingulate cortex (PCC) as seed region

EOAD versus age matched-controls. Looking at DMN
connectivity map derived from the PCC as seed region,
EOAD patients showed reduced connectivity of the supe-
rior, middle and medial frontal gyri (Brodmann area-BA
10, BA 11) relative to age-matched controls (P< 0.005, cor-
rected for cluster extent, P< 0.05) (Fig. 3a, Supporting
Information Table SIIa).

LOAD versus age matched-controls. In LOAD relative to
age matched controls, the DMN connectivity map derived
from the PCC as seed region showed also decreased con-
nectivity of the medial frontal gyrus (BA 10, BA 11, BA 25)
(P< 0.005, corrected for cluster extent, P< 0.05) (Fig. 3b,
Supporting Information Table SIIa).

EOAD versus LOAD (excluding the effects of age in con-
trols). A direct comparison showed no difference in
DMN connectivity between EOAD to LOAD patients even
at low threshold (P< 0.05, corrected for cluster extent,
P< 0.05).

FC of the antero-medial temporal network (ATN)

derived from the left and right perirhinal seeds

EOAD versus age matched-controls. Looking at ATN
connectivity maps derived from the left perirhinal cortex
as seed region, EOAD patients showed bilateral increases
in connectivity of the inferior frontal gyrus (BA 44, BA 45),
the middle and superior frontal gyri (BA 9, BA 10, BA 46),
the thalamus, the caudate nucleus and the insula (BA 13)
relative to age-matched controls (P< 0.005, corrected for
cluster extent, P< 0.05) (Fig. 3c, Supporting Information
Table SIIb). Concurrently, when comparing ATN connec-
tivity maps derived from the right perirhinal cortex as
seed region, no difference was observed between EOAD
patients and age-matched controls.

LOAD versus age matched-controls. In LOAD relative to
age-matched controls, ATN connectivity maps derived

from the left perirhinal cortex as seed region showed
increased connectivity of the right inferior frontal gyrus
(BA 9, BA 44, BA 45) and the right insula (BA 13), while
reduced connectivity was observed in the right lingual
gyrus, the right and left calcarine sulcus, precuneus and
posterior cingulate (BA 30, BA 31) (P< 0.005, corrected for
cluster extent, P< 0.05) (Fig. 3d, Supporting Information
Table SIIb). Comparisons of ATN connectivity maps
derived from the right perirhinal cortex as seed region evi-
denced decreased connectivity involving bilateral occipital
regions (Cuneus-BA 18) and right precuneus-posterior cin-
gulate (BA 31) in LOAD patients relative to age-matched
controls (P< 0.005, corrected for cluster extent, P< 0.05)
(Fig. 3e, Supporting Information Table SIIc).

EOAD versus LOAD (excluding the effects of age in con-
trols). When excluding region masks showing significant
differences between young and old controls, the direct
comparison between EOAD and LOAD patients showed
subtle connectivity differences in the left ATN only
observed at a low threshold of (P< 0.05 (corrected for clus-
ter extent, P< 0.05). EOAD relative to LOAD showed bilat-
eral increased connectivity within the insula (BA 13), the
precentral gyrus, the middle and superior frontal gyri (BA
9, BA 10), cingulate (BA 23, BA 24) and anterior temporal
structures (superior temporal gyrus (BA 38) and amyg-
dala) (Supporting Information Table SIIb). Even at this low
threshold of P< 0.05 (corrected for cluster extent, P< 0.05),
no difference was observed between EOAD to LOAD
patients for the ATN derived from the right perirhinal
cortex.

FC of the dorso-lateral prefrontal network (DLPFN)

derived from the left and right dorso-lateral prefron-
tal cortex (DLPFC) seeds

EOAD versus age-matched-controls. Relative to age-
matched controls, DLPFN connectivity maps derived from
the left DLPFC as seed region showed in EOAD patients
reduced connectivity in the left middle occipital gyrus,
cuneus, precuneus (BA 7, BA 19) and the left inferior pari-
etal lobule (P< 0.005, corrected for cluster extent, P< 0.05)
(Fig. 3f, Supporting Information Table SIId). DLPFN con-
nectivity maps derived from the right DLPFC as seed
region showed also decreased connectivity in EOAD
patients relative to age-matched controls in bilateral
cuneus, precuneus (BA 7, BA 19) and inferior parietal
lobules (Fig. 3g, Supporting Information Table SIIe). No
increase of connectivity was observed in EOAD patients
(P< 0.005, corrected for cluster extent, P< 0.05).

LOAD versus age-matched-controls. In LOAD relative to
age-matched controls, DLPFN connectivity maps derived
from the left DLPFC as seed region showed bilateral
increases in connectivity of the inferior frontal gyrus (BA
11-BA 44), precentral (BA 6) and middle cingulate (BA 32)
gyri, insula (BA 13) and striatum (caudate nucleus and
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Figure 2.

Functional connectivity maps for the left and right perirhinal, left and

right prefrontal and the posterior cingulate seeds in young controls

(P< 0.05; k> 10; FWE corrected) (radiological convention: left is right).

a: Default-Mode Network (DMN) derived from the posterior cingu-

late seed. DMN includes medial and lateral prefrontal, parietal and

temporal cortices. b: Left Antero-medial Temporal Network (ATN)

derived from the left perirhinal seed. Left ATN includes bilateral

medial temporal structures (anterior parahippocampal and hippocam-

pal gyri; amygdala), lateral temporal structures, lateral and medial

occipital structures, posterior cortical midline structures (precuneus

and posterior cingulate) and orbito-frontal areas. c: Right ATN

derived from the right perirhinal seed. Right ATN includes bilateral

medial temporal structures (anterior parahippocampal and hippocam-

pal gyri, amygdala), lateral temporal structures, lateral medial occipital

structures, posterior cortical midline structures (precuneus and pos-

terior cingulate) and orbito-frontal areas. d: Left Dorso-Lateral Pre-

Frontal Network (DLPFN) derived from the left dorso-lateral

prefrontal cortex seed. Left DLPFN includes bilateral lateral, medial

and orbital part of frontal lobe, inferior parietal lobules and cingulate

gyri. e: Right DLPFN derived from the right dorso-lateral prefrontal

cortex seed. Right DLPFN includes bilateral lateral, medial and orbital

part of frontal lobe, inferior parietal lobules and cingulate gyri.
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Figure 3.

Differences in resting state functional connectivity (FC) maps

between EOAD and young controls (a; c; f; g), LOAD and age-

matched controls (b; d; e; h; i) (P< 0.005, k> 10; FWE cor-

rected at the cluster level, P< 0.05) (radiological convention: left is

right). a: Decreased FC of DMN in EOAD relative to matched

controls. EOAD show decreased FC of the DMN connectivity

map derived from the PCC as seed region within the superior,

middle and medial frontal gyri (Brodmann area-BA 10, BA 11).

b: Decreased FC of DMN in LOAD relative to matched con-

trols. LOAD show decreased FC of the DMN connectivity map

derived from the PCC as seed region within the medial frontal

gyri (BA 10, BA 11, BA 25). c: Increased FC of the left ATN in

EOAD relative to matched controls. EOAD show bilateral

increased FC of the ATN connectivity map derived from the left

perirhinal cortex as seed region within the inferior frontal gyrus

(BA44, BA45), the middle and superior frontal gyri (BA 9, BA

10, BA 46), the thalamus, caudate nucleus and insula (BA 13). d:

Increased (hot) and decreased (blue) FC of the left ATN in

LOAD relative to matched controls. LOAD show increased FC

of the ATN connectivity maps derived from the left perirhinal

cortex as seed region within the right inferior frontal gyrus (BA

9, BA 44, BA 45) and the right insula (BA 13) while reduced

connectivity was observed in the right lingual gyrus, the right

and left calcarine sulcus and posterior cingulate (BA 30, BA 31).

e: Decreased FC of the right ATN in LOAD relative to matched

controls. LOAD show decreased FC of the ATN connectivity

maps derived from the right perirhinal cortex as seed region

within bilateral occipital regions (cuneus, BA 18) and right

precuneus-posterior cingulate (BA 31). f: Decreased FC of the

left DLPFN in EOAD relative to matched controls. EOAD show

decreased FC of the DLPFN connectivity maps derived from the

left dorso-lateral prefrontal cortex as seed region within the left

middle occipital gyrus, cuneus, precuneus (BA 7, BA 19) and the

left inferior parietal lobule. g: Decreased FC of the right DLPFN

in EOAD relative to matched controls. EOAD show decreased

FC of the DLPFN connectivity maps derived from the right

dorso-lateral prefrontal cortex as seed region within bilateral

cuneus, precuneus (BA7, BA 19) and inferior parietal lobules. h:

Increased FC of the left DLPFN in LOAD relative to matched

controls. LOAD show increased FC of the DLPFN connectivity

maps derived from the left dorso-lateral prefrontal cortex as

seed region within the inferior frontal gyrus (BA 11-BA 44), pre-

central (BA 6) and middle cingulate (BA 32) gyri, insula (BA 13)

and striatum (caudate nucleus and putamen). i: Increased (hot)

and decreased (blue) FC of the right DLPFN in LOAD relative

to matched controls. LOAD show increased FC of the DLPFN

connectivity maps derived from the right dorso-lateral prefrontal

cortex as seed region within the bilateral inferior and middle

frontal gyri (BA 11, BA 47), insula and putamen while decreased

FC in the precuneus/cingulate gyrus (BA 7) is observed.



putamen) (P< 0.005, corrected for cluster extent, P< 0.05)
(Fig. 3h, Supporting Information Table SIId). DLPFN con-
nectivity maps with the right DLPFC as seed region
showed also increased connectivity in the bilateral inferior
and middle frontal gyri (BA 11, BA 47), insula and puta-
men while decreased connectivity in the precuneus/cingu-
late gyrus (BA 7) was observed (P< 0.005, corrected for
cluster extent, P< 0.05) (Fig. 3i, Supporting Information
Table IIe).

EOAD versus LOAD (excluding the effects of age in con-
trols). When excluding region masks showing significant
differences between young and old controls, the direct
comparison between EOAD and LOAD patients showed
subtle differences in connectivity of the left DLPFN only
observed at a lower threshold of (P< 0.05 (corrected for
cluster extent, P< 0.05). Relative to EOAD, LOAD showed
increased connectivity within the left DLPFN involving
the cuneus and precuneus (BA 7, BA 19), inferior parietal
lobule (BA 39, BA 40), anterior cingulate (BA 32) and pre-
central gyri (BA 4) and the inferior frontal and superior
frontal regions (BA 6, BA 9) (Supporting Information Table
IId). Even at this lower threshold (P< 0.05, corrected for
cluster extent, P< 0.05), no difference was observed
between EOAD to LOAD patients for the DLPFN derived
from the right DLPFC.

Correlations with neuropsychological variables

Regression analyses revealed a positive correlation
between connectivity of ATN derived from the left perirhi-
nal cortex as seed region and performance on the visual
recognition memory task, the DMS 48 in middle occipital
gyrus, cuneus and lingual gyrus (BA 17, BA 18, BA 19, BA
23) (P< 0.005, corrected for cluster extent, P< 0.05) (Fig.
4a). Connectivity of ATN derived from the right perirhinal
cortex as seed region also positively correlated with per-
formance on the DMS 48 in the cuneus, precuneus and lin-
gual gyrus (BA 18, BA 19, BA 30) (P< 0.005, corrected for
cluster extent, P< 0.05) (Fig. 4b). Other neuropsychological
measures did not significantly correlate with ATN connec-
tivity maps.

We also observed positive correlations between DLPFN
connectivity maps derived from the left DLPFC as seed
region and performances on the copy of Rey’s complex
figure in the paracentral lobule and precuneus (BA 5 and
BA 7) (P< 0.005, corrected for cluster extent, P< 0.05) (Fig.
4c). DLPFN connectivity maps derived from the right
DLPFC as seed region positively correlated with perform-
ances at spatial span in inferior parietal lobule and poste-
rior cingulate (P< 0.005, corrected for cluster extent,
P< 0.05) (Fig. 4d). Other neuropsychological measures did
not significantly correlate with the left and right DLPFN
connectivity maps.

No significant correlation was observed between the
DMN connectivity map derived from PCC as seed region
and neuropsychological variables.

DISCUSSION

In this study, we examined neuropsychological, struc-
tural and FC patterns in EOAD and LOAD respectively,
compared with two groups of age-matched controls. All
patients had dementia of mild severity, with deficits
involving memory and other cognitive domains. In accord-
ance with previous reports, EOAD patients showed greater
executive and visuo-spatial deficits while LOAD patients
displayed greater memory impairment [Seltzer and Sher-
win 1983; Selnes et al., 1988; Binetti et al., 1993; Jacobs
et al., 1994; Koss et al., 1996; Imamura et al., 1998; Sa et al.,
2012; Smits et al., 2012]. Atrophy patterns also differed
between the two groups, EOAD exhibiting diffuse neocort-
ical atrophy with greater loss in posterior cortical midline
structures (precuneus, middle and posterior cingulate)
while atrophy was predominant in hippocampal and
orbito-frontal regions in LOAD patients, as reported in
previous studies [Frisoni et al., 2005; Ishii et al., 2005;
Shiino et al., 2006; Frisoni et al., 2007; Karas et al., 2007].
These behavioral and structural differences were associ-
ated with distinct patterns of FC on the large network
scale. DMN connectivity was decreased to a similar extent
in both patients groups. By contrast, EOAD and LOAD
displayed dissociated changes of ATN and DLPFN con-
nectivity. In EOAD patients, FC was decreased in the
DLPFN but increased in the ATN, while LOAD patients
exhibited decreased connectivity in posterior regions
within the ATN and increased connectivity of the DLPFN.
Moreover, ATN connectivity correlated with memory per-
formance, while DLPFN connectivity correlated with per-
formance on tasks assessing executive functions.

EOAD and LOAD Exhibit a Similar Pattern of

FC Changes in the DMN

As predicted, the connectivity map derived from the
posterior cingulate cortex identified the main nodes of the
DMN, in particular medial and lateral prefrontal, parietal
and temporal cortices [Buckner et al., 2008]. Both EOAD
and LOAD groups displayed an identical pattern of
decreased FC of the DMN in frontal regions, mainly in the
medial prefrontal cortex, in comparison with age-matched
controls. Resting-state FC of DMN has been investigated
in detail in AD [Bokde et al., 2009; Sorg et al., 2009]. Our
findings are consistent with previous reports on decreased
FC of this network in mild AD and also in Mild Cognitive
Impairment (MCI), a transitional stage between normal
aging and dementia. In most of these studies, decreased
connectivity was found in the posterior part of the DMN,
especially in the posterior midline structures. The slightly
different pattern of FC change obtained in this study is
probably related to the seed region approach, here cen-
tered on the posterior cingulate. This probably signifi-
cantly limits the sensitivity to evidence decreased
connectivity of this seed region and neighboring ones,
such as the posterior-medial structures, as usually

r Network Reorganization Relative to AD Onset r

r 2987 r



reported when using independent component analysis
[Greicius et al., 2004; Zhou et al., 2010; Wu et al., 2011;
Agosta et al., 2012; Binnewijzend et al., 2012; Damoiseaux
et al., 2012].

DMN connectivity was similarly reduced in both
patients groups even when lowering the threshold, and
despite a highly distinctive pattern of structural changes,

involving in particular the posterior part of the DMN in
EOAD. This provides further evidence that DMN dysfunc-
tion does not parallel neuronal injury. It has been sug-
gested that DMN dysfunction could be tightly linked to
amyloid deposition in AD [Buckner et al., 2009]. In cogni-
tively normal individuals amyloid accumulation correlates
with functional disruption of the DMN [Hedden et al.,

Figure 4.

Correlations between functional connectivity (FC) maps and

neuropsychological variables in patients (P< 0.005, k> 10; FWE

corrected at the cluster level, P< 0.05) (radiological convention:

left is right). a: Positive correlation between FC of left ATN and

the DMS 48 (visual recognition memory task). A positive corre-

lation between FC of left ATN and performance on the DMS 48

is observed in middle occipital gyrus, cuneus and lingual gyrus

(BA 17, BA 18, BA 19, BA 23). Right side: scatter plots of aver-

aged connectivity of significant clusters from this correlation

analysis and DMS 48. b: Positive correlation between FC of right

ATN and the DMS 48. A positive correlation between FC of

right ATN and performance on the DMS 48 is observed in

cuneus, precuneus and lingual gyrus (BA 18, BA 19, BA 30).

Right side: scatter plots of averaged connectivity of significant

clusters from this correlation analysis and DMS 48. c: Positive

correlation between FC of left DLPFN and the copy of Rey’s

complex figure. A positive correlation between FC of left

DLPFN and performance on the copy of Rey’s complex figure is

observed in paracentral lobule and precuneus (BA 5 and BA 7).

Right side: scatter plots of averaged connectivity of significant

clusters from this correlation analysis and Rey’s complex figure.

d: Positive correlation between FC of right DLPFN and spatial

span. A positive correlation between FC of right DLPFN and

performance at spatial span is observed in inferior parietal

lobule and posterior cingulate. Right side: scatter plots of aver-

aged connectivity of significant clusters from this correlation

analysis and spatial span.
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2009]. Furthermore, when comparing EOAD with LOAD,
no difference concerning the rate and the distribution of
amyloid deposition has been found [Rabinovici et al.,
2010]. Taken together, identical changes of FC within the
DMN in EOAD and LOAD found in the present study
could be explained by the vulnerability of this network to
amyloid deposition likely to be similar in the two patients
groups, both in terms of topography and severity.

In this study, no correlation between DMN resting-state
connectivity and neuropsychological measures was found.
As mentioned above, that decreased FC of the DMN has
been found in cognitively normal individuals despite pre-
clinical brain amyloid deposition [Hedden et al., 2009; She-
line et al., 2010] may suggest that DMN connectivity
change has no specific cognitive impact. However, the
DMN is primarily thought to be involved in internally
focused tasks (such as autobiographical memory, prospec-
tive memory and theory of mind) and to deactivate during
goal-directed tasks [Buckner et al., 2008]. Consequently,
although the present findings are not in favor of a relation-
ship between connectivity within the DMN and cognition,
more specific experimental neuropsychological tasks than
the ones used in the present study may be necessary to
capture hypothetical cognitive consequences of DMN func-
tion and dysfunction.

Changes in FC of the ATN

The ATN was first identified by Kahn et al. [2008] in a
resting-state fMRI study performed in healthy subjects
using a region-of-interest method. FC change of this net-
work, identified by ICA, has further been documented in a
previous work from our group, in subjects with various
memory disturbances, including subjective memory impair-
ment, amnestic MCI and AD patients [Gour et al., 2011].

In this study, in LOAD, FC maps using the perirhinal
cortices as seed regions showed decreased FC within the
ATN especially in its posterior regions along with a
slightly increased connectivity in the right frontal area rel-
ative to age-matched controls. These findings are consist-
ent with the greater impairment in the realm of memory
and medial temporal changes previously observed in
LOAD. There is evidence that the ATN and its compo-
nents are involved in specific aspects of declarative mem-
ory [Gour et al., 2011]. The present study replicates a
positive correlation between ATN connectivity and per-
formance at the DMS48, an object-based visual recognition
memory task. This is coherent with evidence for the role
of the perirhinal cortex and interconnected structures in
object-based memory [Vargha-Khadem et al., 1997; Aggle-
ton and Brown 1999; Eichenbaum et al., 2007; Barbeau
et al., 2011] which is altered in the earliest stages of AD,
as suggested by our group [Didic et al., 2011; Barbeau
et al., 2012]. Taken together, these findings suggest that
reduced ATN connectivity may be associated with greater
memory dysfunction in LOAD.

By contrast, increased and extended connectivity of the
ATN was found in EOAD, additionally involving fronto-
insular regions. In resting-state fMRI studies, increased
network connectivity has been observed in patients not
only with mild AD but also in MCI [Wang et al., 2006,
2007; Qi et al., 2010; Zhou et al., 2010; Gour et al., 2011;
Agosta et al., 2012; Das et al., 2012]. In a previous study,
we observed enhanced connectivity of ATN in patients
with subjective memory impairment and amnestic MCI
[Gour et al., 2011]. This resting-state hyperconnectivity
pattern in prefrontal regions is reminiscent of the prefron-
tal hyperactivation evidenced in several memory-related
functional MRI studies in MCI [Heun et al., 2007] and
mild AD patients [Garrido et al., 2002], traditionally inter-
preted as compensatory processes subsequent to medial
temporal lobe pathology [Garrido et al., 2002; Guedj et al.,
2009]. Hyperconnectivity observed in the present study is
consistent with the compensatory account, since EOAD
patients had better performance on memory tasks, and
positive correlations were observed between ATN connec-
tivity and visual recognition memory performance.

Group comparisons also revealed asymmetry in the pat-
tern of FC changes of ATN in EAOD relative to age-
matched controls. Left ATN was increased in EOAD while
no effect was on the right. Only few studies have
addressed the question of laterality in the pattern of FC
changes associated with brain diseases. Additionally, it is
worth noting that ATN has primarily been described
based on a lateralized left perirhinal seed [Kahn et al.,
2008]. Among the plausible explanation to account for this
asymmetric pattern of FC change, one possibility is to
incriminate differences in network organization between
left and right hemispheres [Bettus et al., 2009]. Another
possibility would relate to the spreading of the pathologi-
cal process itself. Hence, lateralized structural and meta-
bolic changes have previously been documented in AD.
Hypometabolism and atrophy have been found predomi-
nantly in the left hemisphere, particularly in temporal and
parietal regions, in the early stage of AD [Loewenstein
et al., 1989; Janke et al., 2001; Thompson et al., 2003].

Changes in FC of the DLPFN

In this study, we found a greater decreased of FC within
the DLPFN in EOAD. In the left DLPFN, EOAD patients
showed reduced parietal connectivity while LOAD dis-
played increased frontal connectivity, in comparison with
age-matched controls. On the right side, both patient-
groups exhibited reduced parietal connectivity relative to
controls, but enhanced frontal connectivity was, again,
only observed in LOAD patients.

Structural and metabolic neuroimaging studies focusing
on the effect of age in AD report greater dysfunction of
frontal and parietal structures in EOAD, in comparison
with the late onset form of the disease [Salmon et al., 2000;
Sakamoto et al., 2002; Ishii et al., 2005; Kim et al., 2005;
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Karas et al., 2007]. Using FDG-PET, Kalpouzos et al. [2005]
found a specific frontal and inferior parietal hypometabo-
lism in EOAD relative to LOAD patients. They also
observed positive correlations in EOAD patients between
left prefrontal metabolism and performance on the Brown-
Peterson task, a widely used working memory paradigm.

A large body of evidence sustains the proposition that
the prefrontal regions are part of a system supporting the
executive functions in the human brain [Fuster, 2001;
Alvarez and Emory, 2006]. In resting-state fMRI studies,
the executive fronto-parietal network was first identified
by Seeley et al. [2007] using both region-of-interest and
ICA methods. These authors also observed positive corre-
lations between the parietal node of this network and per-
formance on the Trail Making Test, a task assessing visual
spatial attention and task switching processes. In the pres-
ent study, positive correlations between DLPFN connectiv-
ity and executive tasks were also found. Enhanced
connectivity of the DLPFN was associated with greater
performance on the copy of Rey’s complex figure, involv-
ing visuo-spatial and planning skills [Schwarz et al., 2009],
and at the visuo-spatial span, known to assess visual
working memory [Milner, 1971]. Overall, these results are
consistent with the findings of the present study showing
greater reduced connectivity of a fronto-parietal executive
network in EOAD patients, with a behavioral impact on
executive functioning.

LOAD exhibited an increased connectivity of the
DLPFN within the frontal component of the network. As
previously mentioned, increased connectivity has been
reported on multiple occasions in mild AD and MCI
patients [Zhou et al., 2010; Das et al., 2012]. In this study,
positive correlations between connectivity of DLPFN and
performance on tasks assessing executive functions were
also found, suggesting again the possibility of compensa-
tory mechanisms aimed at improving network efficiency
and behavioral performance in LOAD patients. The pres-
ent findings are in agreement with a recent study showing
increased FC of an executive network in AD patients rela-
tive to controls, with positive correlations between FC and
performance assessing executive functions [Agosta et al.,
2012].

EOAD and LOAD Exhibit Dissociated Patterns of

FC Changes in ATN and DLPFN

In this study, unlike DMN, EOAD and LOAD subjects
displayed dissociated profiles of ATN and DLPFN connec-
tivity including the interplay of hypoconnectivity and
hyperconnectivity patterns. These differential profiles of
large scale network connectivity are likely to be under-
pinned by distinct distributions of pathological changes
and related to markers of neuronal degeneration. The neu-
ropathological hallmarks of AD are characterized by amy-
loid and tau deposition, as well as neuronal and synaptic
loss. In the common late-onset form of AD, neurofibrillary

tangles (NFTs), related to tau protein pathology and
associated with clinical signs [Arriagada et al., 1992;
Gomez-Isla et al., 1997], initially develop in the anterior
subhippocampal cortex (entorhinal and perirhinal cortex)
before reaching the hippocampal formation and then asso-
ciative neocortical structures [Braak and Braak, 1991; Arria-
gada et al., 1992; Gomez-Isla et al., 1997; Delacourte et al.,
1999]. Assuming that neurodegeneration and NFTs deposi-
tion occur in the same topographic distribution and consist-
ent with this sequential scheme, LOAD patients with more
severe mesio-temporal atrophy and related memory impair-
ment, exhibited decreased ATN connectivity. By contrast,
DLPFN connectivity was reduced in EOAD. In EOAD, neu-
rodegeneration is likely not to strictly follow the stereotypi-
cal Braak and Braak scenario, with an earlier neocortical
involvement, as suggested by previous neuroimaging stud-
ies [Kemp et al., 2003; Kalpouzos et al., 2005; Kim et al.,
2005; Frisoni et al., 2007; Canu et al., 2012; Ossenkoppele
et al., 2012]. Consequently, the dissociated pattern of FC
change within two large scale neuronal networks, respec-
tively associated with memory and executive functions,
could be related to a distinct topography of tau-related neu-
ronal injury in EOAD and LOAD.

Limitations of this Study

The use of a dichotomous age cut-off is a quite arbitrary
conceptual construct that involves limitations especially
considering the relatively small number of subjects in each
subgroup of our study. In a recent multicenter study
including 2000 AD patients, the cut-off of 66 of age was
found to best discriminate EOAD from LOAD on a series
of demographical and clinical variables [Spalletta, 2013].
However, when applying this cut-off instead of 65 to our
patients’ population, composition of the two subgroups
remained unchanged. Additionally, age at onset is an esti-
mate and the attempt to dichotomize the age of onset dis-
tribution is likely to introduce misclassification of subjects.
Although the present findings add to the evidence that
age is a factor that contributes to heterogeneity in AD, it is
important to mention that several other genetic and envi-
ronmental factors like APO E genotype and cognitive
reserve also contribute to this heterogeneity and interact
with age of onset [Katzman, 1993; Stern, 2002; van der
Flier et al., 2011].

As most clinical-radiological studies performed in AD,
another potential limitation is the lack of postmortem data,
so the possibility of misdiagnosis cannot be excluded.
Nevertheless, an extensive work-up was performed in all
subjects and all patients fulfilled clinical criteria of proba-
ble AD. Furthermore, CSF biomarkers were available for
each patient and supported evidence of AD pathological
changes [McKhann et al., 2011]. Additionally, pathophys-
iological process of AD probably begins many years before
clinical symptoms are apparent. Thus, the possibility that
some controls do have preclinical AD cannot be formally
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ruled out. But impact on data should be minimal consider-
ing the highly selective inclusion process specified above.

CONCLUSION

The present study highlights common features but also
differences in organization of functional neural networks
in two subtypes of AD depending on different ages at
onset. A similar impairment of FC in the DMN was found
in both groups. By contrast, dissociated patterns of hypo-
and hyperconnectivity were observed in EOAD and
LOAD, relative to age-matched controls, in two large-scale
neural networks associated with memory and executive
functions. These differences, which parallel behavioral and
structural changes, are possibly related to distinct topogra-
phies of neuronal degeneration in EOAD and LOAD.
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